Abstract-A new type of three-dimensional (3D) Frequency Selective Surfaces (FSS) applied to passive sensing in Structural Health Monitoring (SHM) is presented. Such passive FSS sensors are proposed as an alternative to conventional sensors to eliminate the need of DC/AC power. Moreover, these FSSs are modified in a 3D form to feature enhanced performance compared to conventional FSSs and sensors. More specifically, the proposed 3D FSS is able to control its sensitivity |S 21 | in either TE or TM incident waves. In this project, incident angle characteristics are evaluated for SHM applications to obtain angular responses of up to 80 degrees. The resonant behavior of the TE-incident wave is shown to be sensitive towards the incident angle and is suitable to be used for monitoring any building tilting and damage. This is due to the significant 3D length changes of the conductor elements. Meanwhile, the TM-incident wave is found to be insensitive towards the incident angle.
INTRODUCTION
In recent years, Structural Health Monitoring (SHM) for infrastructures and buildings has attracted research attention. Its main aim is to ensure public safety by alerting stakeholders such as building and maintenance services for coming structural failures or health uncertainty caused by natural disasters. Moreover, SHMs are also capable of monitoring structural changes and stress before it reaches a critical condition, especially when high-rise accommodations are built in disaster-prone areas. Without early warning systems such as SHM, fatalities resulting from unexpected natural disasters or poor maintenance could be massive.
Various kinds of active sensors are already in use for SHM purposes. An example is the Radio Frequency Identification (RFID) tags, which were demonstrated to be capable of measuring the internal structure of concrete-covered materials for any loading capacity [1] . Besides concrete, such sensors are also suitable for monitoring structures made from other materials with less power consumption. Despite requiring less maintenance with high monitoring stability, the installation of these tags for detecting any strain is complicated and requires on-sensor battery power source. Wireless Sensor Networks (WSN) based on ZigBee technology is also used for monitoring the structural health of bridges, roads and buildings [2] . The advantages of this technology include low power consumption, good accuracy and reliability. Despite its advantages, Zigbee-based systems still require a huge number of active elements, which increases design and installation complexities. Meanwhile, the Acoustic Emission (AE) technology uses pressure waves which follow micro structural changes arising from the rapid output of strain energy in materials [3] and are popular in the monitoring of bridges made from steel and concrete [4] . AE is known for its robust elements and cost-effective installation. Unfortunately, such sensors are more environment-dependent, often noisy and produce weak signals. On the other hand, Optic Fiber Sensors (OFS) are suitable for SHM requirements, especially in the oil and gas industry sector for monitoring buildings, bridges and roads [5] . This technology is passive and features low losses, no electrical interference and long distance measurement capability. However, fiber optics is very costly as it requires professional expertise for its complex installation and maintenance to attach or embed OFS inside building materials.
Recently, passive FSS was also applied in an SHM application. The 2D FSS sensors were bonded to the surfaces of existing structures for the detection and monitoring of strain and buckling displacement due to loading [6] using a combination of Microelectromechanical system (MEMS) and FSS [7] . Embedded between two surfaces, the FSS spacing is reduced when material between it compresses the FSS, resulting in a frequency shift. However, the combined use of MEMS and FSS resulted in a more complex design and foreseen complicated maintenance. Another FSS which acts as a wireless passive sensor for SHM and a chemical sensor in harsh environments has also been reported in [8] . Strain changes were detected by the re-radiated electromagnetic wave from the cross dipole FSS elements. Two polarizations (horizontal and vertical) were used to determine structural abnormalities using the FSS. However, this system is limited to detecting only horizontal cracks due to the insignificant electromagnetic wave changes resulting from the vertical cracks. The sensitivity of the angular response was improved in the passive FSS sensor proposed in [9] . However, the thickness-dependence of the proposed FSS adds to the fabrication complexity.
In this paper, an FSS is implemented in 3D form and applied to SHM to track and wirelessly monitor structure tilt without the need for any active components. Such a structure provides additional advantage over conventional 2D FSS in governing frequency response [10] . In contrast, 2D FSS are incapable of control over incident polarization angle due to its reduced sensitivity towards angular response. The building tilt angle can be more effectively monitored when it is sensitive to a singlepolarized incident wave. This ideally requires either the TE-or TM-incident waves to cause a gradual shift of resonance frequency with the changes of building tilt angle. The orthogonal polarized wave, on the other hand, should be insensitive to these changes in the incident angles, indicating minimal resonance shifts with the incident angle variation, see Figure 1 . To the best of the authors' knowledge, Besides presenting a novel structure with improved sensitivity in comparison to an initial work in [9] , a new pragmatic design equation for such structure is also presented in this manuscript.
The rest of the manuscript is organized as follows. The next section presents a 2D FSS design and demonstrates its limitation in SHM. This structure is then modified in Section 3 into a 3D form by elevating the height of the conductor cross sections. This structure is studied parametrically and experimentally relative to the incident angle (up to 80 • ) to validate its capability in detecting the changes in resonant frequency, prior to the conclusion in the final section.
TWO DIMENSIONAL (2D) FSS
The conducting elements of the 2D square loop FSS, which is the basis of this investigation, is formed on top of a 20 mm polystyrene substrate approximated as air. Despite numerous conventional FSS topologies proposed such as hexagonal [11] , circular [12] and fractal [13] , the choice of the square shaped FSS shown in Figure 2 (a) offers modeling simplicity and improved performance especially in terms of stability of incident angle [14] [15] [16] . The square FSS is considered stable when its operating frequency does not change despite the variation in incoming wave angles. The optimization of the 2D FSS is performed by examining its various parameters such as the unit cell size, height of the conductor elements, h and the side length of the square, d, which is approximated as d ≈ λ/4. The width, w of (d2−d1 = 25.4 mm-23.8 mm) governs the center resonant frequency, whereas the unit cell size influences the sensitivity of angular responses towards the incident angle of incoming waves. In short, the smaller dimension of d increases the resonant frequency, while the smaller unit cell dimension s enables more distinct angular responses. An equivalent circuit of the 2D FSS shown in Figure 2 (b) consisting of inductive and capacitive components in parallel was modeled to simplify the resonance estimation and analysis [17] [18] [19] . The simulated frequency response of the 2D square FSS shown in Figure 2 (c) indicated a band stop response centered at 2.922 GHz. Resonant frequencies from the full-wave simulation and equivalent circuit model are compared to obtain the exact values for L 1 and C 1 . The equations for the inductance and capacitance are as follows [20] :
In this investigation, five incident angles between 0 • and 80
• were studied to demonstrate the FSS sensing mechanism of the changes in incident angles. In the context of SHM, the deviation in tilt angle of the structure is expected to shift its frequency response. Figure 3 shows The resonance of the 2D FSS is shown to vary as the incidence angle changes for TE and TM polarizations. When a signal is incident at an oblique angle on the FSS, in which conducting elements are separated by a width wc, the projected separation between the conducting elements (unit cell) will be reduced by a factor of cosθ, see Figure 4 . When the incident angle becomes oblique, the induced current on the conductor elements are distinct, which means its higher intensity resulting in a varying FSS angular response [20] . In general, both TE and TM incident waves are sensitive to the incident angle, see Figure 3 . However, the TE incident wave is less sensitive compared to TM incident waves, where the variations for the former is smaller compared to the latter. This is due to the similarity of polarization between the electric field of a TE incident wave and the direction of the conductor elements shown in Figure 5(a) . These E-fields are also induced along its full parallel conductor dimension irrespective of incident angle, hence maintaining the same resonant frequency despite the changing incident angles. Meanwhile, for the TM incident waves shown in Figure 5(b) , its E Field is oblique on the conducting element and results in incident angles increasing (and consequently frequency response shifting) despite the shorter projected conducting element lengths.
THREE DIMENSIONAL (3D) SQUARE FSS
Despite indicating some variation in terms of TM incident angles, the 2D FSS angular response sensitivity is insufficient for effective monitoring in SHM application. This is due to the sensitivity of such 2D FSS structures to both TE-and TM-incident waves. In contrast, the building tilt angle (a) (b) Figure 5 . Different signal polarization incident on the conducting elements of the square ring FSS, (a) TE incidence waves, (b) TM incidence waves [21] .
can be more effectively monitored when it is sensitive to only a single-polarized incident wave, either the TE-or TM-incident waves. To overcome this limitation and enhancing angular response sensitivity, a 3D FSS is introduced. This structure is a modification of the proposed 2D FSS by protruding the conductor's height. Using the same simulator, the 3D square FSS was designed and simulated using various structural geometries. The dimension of the 3D square FSS substrate, s is 28 mm and the side length of the square, d is 25. (a) TE and TM incidence waves at a height of 5mm
consequently the element's resonant frequency. As this 3D square-shaped structure performs similarly to a cylindrical 3D FSS [22, 23] , the elevation of the FSS conductor height (from 2D to 3D) results in an increase of L 2 and changes the angular response behavior [23] . Figure 7 shows the frequency response of the 3D FSS. Significant rate of change can be observed in resonance upon incident angle variations upon the height increment of the FSS conducting elements from 2D to 3D. The TM incident waves became more stable (insensitive) while TE incident waves became sensitive towards angular response. This behavior indicates that the height of the conductor elements influenced the characteristic of the 3D FSS. As illustrated in Figure 7 , the results at a height 18 mm for TM incident waves are stable, while the TE incident waves are angle-sensitive. This allows for its effective function as passive sensors for SHM application. Figure 8 illustrates the surface current density of the 3D FSS element. It shows that its half mode at an element height of 18 mm resonates at 4.327 GHz. This half mode is identified based on the equation below [24] :
The theoretical study of the FSS resonance indicates that there is a linear relationship between the change in incident angle and resonant frequency shift. This is validated further experimentally. Both 3D FSS modeling and experiments show that the resonant frequency f r , of the structure shifts to f rs (shifted frequency) relative to the incident angle variation. Table 1 summarizes the measured deviation percentage, which indicates a good contrast in monitoring structural changes in SHM application. The theoretical relationship between the incident angle changes and the frequency shift is derived as follows:
where; d = 0.07 × 10 −3 , t = 1.34 × 10 A 6 × 6 prototype of the 3D square FSS, each with a height 18 mm, was then fabricated using aluminum as shown in Figure 7 (c) based on the model in Figure 9 . It was measured using the free space measurement technique using two horn antennas. The setup was first calibrated using a flat metal plate sized similarly with the FSS prototype. Next, this FSS prototype is then placed in between the two horns with a 10 cm distance from each horn before its transmission properties are measured. The results of the TE and TM incident waves are then experimentally assessed from 0 • up to 80 • to mimic the tilted building scenario. The shift in the FSS resonant frequency is depicted in Figure 10 , with an arrow indicating the direction of the downwards resonance shift. Approximately 0.18 GHz shift and 5% deviation is observed for every 20 • of angle of incident variation.
Simulation and measurement comparison between TE and TM-polarized incident angles indicates satisfactory agreements. A small disagreement is observed between measured and simulated frequency responses with the angular variation for TE incident waves. Nonetheless, the TE frequency responses indicated the same downwards-shifting behavior, as predicted in simulations. On the other hand, the TM incidence wave is sensitive of the angular response. These simulation-measurement results and the contrast achieved by the deviation angle demonstrated the suitability of the 3D FSS for the SHM application. 
CONCLUSION
In this paper, a new FSS technique applied in SHM is proposed and investigated. This 3D FSS acts as a passive sensor with increased sensitivity and in contrast to conventional 2D FSS for monitoring structural abnormalities in buildings. The conductor elements, studied at the optimized height of 18 mm in this case, subsequently enable the 3D FSS to obtain angular-dependent responses for the polarization of TE and TM incidences. Besides that, it is also demonstrated that there is a linear relationship between the incident angle and the frequency shifting, resulting in a novel design equation for such 3D FSS structures.
